The discovery of a planet around the closest star to our Sun, Proxima Centauri, represents a quantum leap in the testability of exoplanetary models. Unlike any other discovered exoplanet, models of Proxima b could be contrasted against near future telescopic observations and far future in-situ measurements. In this paper we aim at predicting the planetary radius and the magnetic properties (dynamo lifetime and magnetic dipole moment) of Proxima b analogues (solid planets with masses of ∼ 1 − 3 M ⊕ , rotation periods of several days and habitable conditions). For this purpose we build a grid of planetary models with a wide range of compositions and masses. For each point in the grid we run the planetary evolution model developed in Zuluaga et al. (2013) . Our model assumes small orbital eccentricity, negligible tidal heating and earthlike radiogenic mantle elements abundances. We devise a statistical methodology to estimate the posterior distribution of the desired planetary properties assuming simple prior distributions for the orbital inclination and bulk composition. Our model predicts that Proxima b would have a mass 1.3 ≤ M p ≤ 2.3 M ⊕ and a radius R p = 1.4
Introduction
After 16 year of observations, a planet around the closest star to our Sun, Proxima Centauri or Proxima, has been discovered . The reported properties of the planet, a minimum mass of 1.3M ⊕ and orbital period about 11.3 days, which places it inside the habitable zone (HZ), make Proxima b the closest Earth-twin. Beyond its obvious astrobiological relevance Ribas et al., 2016; Turbet et al., 2016) , future observations of Proxima b with ground-and spacebased telescopes (E-ELT, JWST, WFIRST, etc.) and, hopefully, in-situ space probes (Lubin, 2016) , will provide us contrasting information for models of planetary processes not yet tested beyond the Solar System.
Here we apply the planetary evolution models we developed in Zuluaga et al. (2013) , to study the magnetic properties of Proxima b analogues, namely planets with masses between 1.3 and ∼2.6M ⊕ , rotational periods between 7.5 and 11.3 days, and habitable surface conditions. Our results are not restricted to Proxima b. The same set of planetary analogues we model here, describes well other earth-like exoplanets with similar observable properties (stellar and planetary minimum mass). This paper is organized as follows: in Section 2 we describe the planetary evolution model. Section 3 describes the methods we use to estimate the posterior distribution of the magnetic properties for Proxima b analogues. Section 4 presents the results of applying our methods and finally, in Section 5 we discuss our results and the limitations of our models.
Planetary Evolution Model
The planetary evolution model we use here is based in the model developed and tested in Zuluaga et al. (2013) (hereafter ZUL13) . For the sake of completeness and reproducibility, we present in the following paragraphs the main features of the model. We refer the reader to the original paper (especially Section 7) for a detailed discussion on its assumptions, limitations and in particular on the sensitivity of the model to several key parameters.
Interior structure
Our Proxima b analogues are solid spherical planets, with three differentiated layer (see Figure 1 for an schematic representation): an iron core, a rocky mantle and a surface layer of solid and liquid water. Our original model in ZUL13 did not include the water layer. However, in-situ formation of Proxima b analogues seems to be implausible and several alternative formation scenarios Barnes et al., 2016) predict that the new planet could have a volatile-rich composition (Léger et al., 2004) .
Pressure, density, gravitational field and local bulk modulus inside the planet, are calculated solving the hydrostatic equilibrium, continuity and Adams-Williamson equations (Valencia et al. 2006 (Valencia et al. , 2007a . For all layers we use the Vinet equationof-state with parameters frequently used in literature (see Table 1 in ZUL13 and Table 3 here). We assume in all cases that the inner-core is made of pure iron while the outer core is made of an iron alloy, namely Fe (0.8) FeS (0.2) . The rocky mantle is made of olivine (upper mantle) and perovskite with ferromagnesiowustite (lower mantle). The outermost layer (if present) is made of liquid water and ice (mostly ice VII).
In Figure 2 we show a comparison between selected properties (density, pressure and gravity field) calculated with our model for the case of an Earth-mass planet and the same properties as obtained from seismic data for the Earth itself (the socalled Preliminary Reference Earth Model, PREM, Dziewonski and Anderson 1981) .
Our interior structure model reproduce rather well the mechanical and elastic properties of the (Wolanin et al., 1997) . For liquid water, the value K ′ 0 = 0 indicates that we assume a constant (density independent) bulk modulus K S = K 0 .
Earth's interior. Although the model underestimates the total radius of the planet and the radius of the inner-core, the errors in both quantities are not larger than 2%.
The solid inner-core is responsible for the overdensity below 0.2 R ⊕ in the PREM data in Figure  2 . In our model, on the other hand, iron solidification in the core occurs as the planet evolves. In this case, the density of the solid inner-core (when present) is calculated using the simple prescription ρ s (r) = ρ(r)/(1 − ∆ρ). Here, ρ(r) is the density obtained solving the interior structure model and ∆ρ is a constant enhancement factor computed by comparing ρ(r = 0) with the density obtained from the Vinet equation as calculated with the pressure in the planet center. In other words, the density profiles shown in Figure 2 and 3, correspond to initial (reference) profiles.
In order to illustrate the effect that different masses and compositions have in planetary properties, we plot in Figure 3 the density and pressure profiles of several Proxima b analogues.
As expected, the planetary radius is a monotonous function of planetary mass (upper row of Figure 3 ). For a fixed mass, the radius of the core strongly depends on core mass fraction (CMF) but the total radius of the planet is almost unchanged (middle row of Figure 3) .
In planets having more than 10% by mass of water (Ice mass fraction, IMF>0.1), the slope of the density profile exhibits several discontinuities. Those discontinuities arises from phase transitions, namely, liquid to ice and ice to ice. In Table 1 we show the parameters of the equation of state for water we use in our model. Since the pressure in the water layer, at least for the planetary masses we are interested here, is above 1 GPa (see bottom row in Figure 3 ) we assume that most ice is only in the form of ice VII (see eg. (Wolanin et al., 1997) ).
We see that in water-rich planets the core and mantle density is not substantially modified with respect to what we can call "dry planets" (IMF≈ 0). Core pressure in water-rich planets, however, is significantly reduced with respect to dry analogues. This is due to the lower weight of the water-rich external layer.
Thermal evolution
A solution to the equations governing the mechanical structure of the planet does not provide its initial temperature profile. Actually, temperature is one of the most uncertain properties when modeling the evolution of solid planets.
We will assume that temperature inside the core and mantle follows a an adiabatic profile (Labrosse et al., 2001; Labrosse, 2003) :
Here R is the outer radius of the corresponding layer (core or mantle radius) and D is the temperature scale-height. In the core D c = 3c p /2παρ c G, where α is the isothermal expansivity and ρ c is the density at core center. In the the mantle
is the density scale-height (ρ m is the mantle average density and ρ CMB is the density at the core mantle boundary), and γ is the Gruneisen parameter (Labrosse, 2003) .
The adiabatic profile in Eq.
(1) explicitly decouple the temporal and spatial dependencies of temperature and reduces the thermal evolution problem to finding two unknowns functions: the uppermantle temperature T m (t) = T (r = R m , t) and the temperature at the core surface T c (t) = T (r = R c , t) (R c and R m are the mantle and core radii).
The initial value of T m is calculated from the potential temperature θ of mantle material (Eq. 24 in ZUL13). On the other hand, the initial value of T c is rather uncertain. Thermal evolution models available in literature use very different and mostly "arbitrary" criteria to set T c (Tachinami et al., 2011; Stamenković et al., 2011; Gaidos et al., 2010; Driscoll and Barnes, 2015) . In ZUL13 we verified that assuming T c close to the melting point of perovskite at the conditions of the lower mantle, works relatively well at reproducing the thermal properties of an Earth-mass planet (for details see Section 3.4 in ZUL13). In this case the initial value is T c = 4690 K which is almost 1,000 K larger than the CMB temperature estimated by with fixed mass Mp = 1.5 M ⊕ and different iron content. Bottom row: planets with fixed mass Mp = 1.5 M ⊕ , Earth-like iron content CM F = 0.3 and different amounts of water. The particular models selected here are chosen not to illustrate exhaustively the effect that Mp, CMF and IMF have in the structure of the planet, but to show the effect that each of these quantities could have on the interior properties of Proxima b analogues. Stacey and Davis (2004) . We have verified that assuming a larger value for T c will delay thermal evolution by just 50-100 Myrs which is in agreement with (Stamenković et al., 2011) .
It is interesting to notice that thermal corrections to the equation-of-state should have an impact in the calculation of the mechanical properties of the planet (see eg. Valencia et al. 2007b ). Strictly speaking we cannot solve the interior structure equations without solving simultaneously the equations governing T (r, t). For simplicity, however, we will neglect thermal corrections to the equations of state. As a result density, pressure, gravity and other interior structure properties will remain the same as they are in the initial (reference) model during the integration of the thermal evolution equations.
Energy conservation across the core-mantle boundary (CMB) and mantle-ice-boundary (MIB) provide us with differential equations governing the evolution of T c (t) and T m (t) (Labrosse et al., 2001; Nimmo, 2009b ):
Here Q c and Q m are the total energy released by the core and the mantle respectively. Q r is the radioactive heat produced inside the mantle. C s , C g and C l are "bulk heat capacities" associated to sensible heat, gravitational energy and latent heat of solidification in the core. Finally C m is the mantle bulk heat capacity.
The dependency of these quantities on planetary interior properties is rather complex (Nimmo, 2009b) . We summarize below the most relevant details of the calculation of each of these terms. Further information is provided in ZUL13.
Core C s and mantle C m bulk heat capacities. As the core and the mantle cool down, internal energy is released as heat into the surrounding layers. The amount of energy released by a complete layer after a reduction of one degree Kelvin in their boundary temperature, is given by what we call the "bulk heat capacity":
The minus sign indicates that energy is released to the environment when the temperature of the layer is reduced, ie. dT < 0. Here M , R i and R e are the total mass, inner radius and outer radius of the layer. c p is the specific heat capacity of the material and D the temperature scale-height.
Gravitational heat capacity, C g . Solidification of iron in the inner-core releases light elements. This material ascends through the outer core bringing out gravitational energy and contributing to cool down the core. To model this effect we use the expression given in Table 1 of (Nimmo, 2009b) .
Latent heat capacity, C l . Solidification of iron releases latent heat into the core. To model this effect we use the expression given in Table 1 of (Nimmo, 2009b) .
Bulk, gravitational and latent heat capacities requires that the radius of the inner-corem R ic be known at each integration step. Thus, for instance, if no solid-core is present, ie. R ic = 0, C g and C l must be set to zero in Eq. (2).
The inner-core radius R ic obeys its own differential equation (Gaidos et al., 2010) :
where ∆ is the ratio between the gradient of the "solidus" and the gradient of the adiabatic temperature profile (see ZUL13 for details).
For the iron solidus we use the Lindemann law for a Fe+Alloy:
where δ(ρ) ≈ 1/3 and γ is the Gruneisen parameter that for simplicity is assumed constant. In order to obtain the solidus temperature τ as a function of r, we integrate Equation 5 using reference values ρ 0 = 8300 kg/m 3 (pure iron), τ 0 = 1808 K down to the numerical value of ρ(r) as provided by the interior structure model. Although this solidus depends on the bulk composition of the core (through the Gruneisen parameter), it does not include any composition gradient that may build up during thermal evolution.
Radiogenic heat, Q r . 2011; Agostini et al., 2015) . Four main isotopes contribute to this effect: K-40, Th-232, U-238 and U-235 (Kite et al., 2009 ). The total energy released by the decay of those isotopes is given by:
where M m is the mantle mass, X i is the present day concentration of the i−th isotope, W i is the decay specific power and t i,1/2 its half-life. Isotope concentrations depends on the initial composition of the planet and on its impact history. For the sake of simplicity, we will assume hereafter that all planets have the same radiogenic proportions as Earth (see section 5 for a discussion of this particular assumption). The assumed values for the parameters in Equation 6 are presented in Table 2 .
Energy balance in Eqs. (2) and (3), depends on the boundary conditions at the core-mantle and mantle-ice boundaries. We use in both cases boundary layer theory (BLT) to compute the energy flowing through CMB and MBI.
Core and mantle heat, Q c and Q m . According to BLT the heat flowing through a boundary of height B and temperature contrast ∆T is given by (Gaidos et al., 2010) :
Here R is the radius of the boundary layer, k is its thermal conductivity and ∆T the temperature contrast through the boundary. The Nusselt number, Nu, defined as the ratio of the total to the conductive heat transfer, is expressed in therms of the so-called Rayleigh number Ra as (Gaidos et al., 2010) ,
where Ra * and ν eff are scaling-law free parameters, g the local gravitational field, κ the thermal diffusivity at the boundary, Q/M the heat per unit of mass coming into the boundary layer, B is the thickness of the layer, and η the dynamic viscosity of the material in the boundary layer. Here, h.f.b. stands for "heated from below" and h.f.i. is "heated from inside".
At building our model grid we have used for the parameters of the Nusselt number scaling law, Ra * =1000 and ν eff = 1/3. This vale of the exponent is typical of the classical Rayleigh-Bénard Convection (RPC for short, Malkus 1954b,a). The proper scaling law for Nu could be much more complex and it would depend on the balance between viscosity, Coriolis force and buoyancy (see eg. Chillà and Schumacher 2012 and references there in). In the case of terrestrial planets, rotation may play an important role and taking this factor into account for a proper Nu scaling is important (Gastine et al., 2016) . For the particular case of tidally locked planets (as is the case of Proxima b as we will show later), we have verified that the values of Ra and the convective Rossby number, Ro c , are close or in the range where the classical nonrotating RBC can be applied. However, a proper investigation of the effect that a more realistic scaling law for Nu should be pursued.
Rhelogical model
Viscosity is one of the most critical quantities involved in any thermal evolution model. The election of a particular rheological model to describe the properties of silicates and iron at high pressure has been always a source of controversy (see eg. Stamenković et al. 2011) .
After testing different rheological models available in literature, we found that the solution that better matches the thermal evolution of Earth while being also suitable to describe more massive planets (where pressures are much larger than inside the Earth) is to assume two different expressions for computing the dynamic viscosity at low and high pressures.
At high pressures and temperatures (lower mantle and CMB) we use a Nabarro-Herring formula:
This model is better suited to describe the rheological properties of perovskite (Yamazaki and Karato, 2001) .
Here R g = 8.31Jmol
−1 K −1 is the gas constant, d the grain size, m the growing exponent, D 0 is the pre-exponential diffusion coefficient, m mol and T melt (P ) are the molar density and melting temperature of Perovskite. A and b are free parameters chosen to fit the thermal evolution of Earth. For all these parameters we have assumed the same values used in Stamenković et al. (2011) (see Table 3 ).
At low pressures and temperatures (upper mantle), where rheology is relatively better constrained, the Nabarro-Herring formula leads to huge underestimations of viscosity. In this case we use a more usual Arrhenius-type formula Tachinami et al. (2011) :
Hereǫ is the strain rate, n is the creep index, B is the Barger coefficient, and E * and V * are the activation energy and volume. The values assumed here for these parameters are the same as those given in table 4 of Tachinami et al. 2011 except for the activation volume whose value is assumed to be V * = 2.5 × 10 −6 m 3 mol −1 . Although still controversial, our approach is physically better motivated than other solutions to the same problem (that for instance use the same rheology all across the mantle). Naturally it could be subject to huge improvements as better rheological models at high pressures be developed in the future.
In Figure 4 we plot contour values of the viscosity at the typical pressures and temperatures in the interior of the planetary models in Figure 3 . We see that the viscosity values used in our models are in good agreement with those obtained from glacial isostatic adjustment data (Mitrovica and Forte, 2004; Lau et al., 2016) and those assumed in previous thermal evolution models (Stamenković et al., 2011) . 
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Thermal evolution results
In Figure 5 we show the heat flux, q m = Q m /4πR 2 p at the planet surface calculated for the same set of planetary models of Figure 3 . We also plot there the total available energy for dynamo action Q conv :
where Φ is the entropy associated to Ohmic dissipation:
E s , E g , E l and E k are the entropies associated to secular cooling, compositional buoyancy, latent heat and thermal conduction (thermal diffusivity as ohmic dissipation is a sink of entropy and hence have the same sign as Φ). We have neglected here the terms from radioactive and pressure heating (Nimmo, 2009b) .
Analytical expressions for the sources of entropy, E s , E g and E l , in the case of a core having adiabatic temperature and density profiles are given in Table 1 of (Nimmo, 2009a) . On the other hand, the entropy associated to thermal conduction is given by:
5D 4 where κ is the thermal conductivity. In this work we have assumed an outdated value of κ = 40 W m −1 K −1 , the same used in the original work of ZUL13 to fit the thermal evolution of the Earth. Larger values for this parameter, κ > 90 W m −1 K −1 have been recently predicted by ab initio calculations (Pozzo et al., 2012; Gomi et al., 2013) . However, In ZUL13 we studied the effect that a larger κ will have on the results of our thermal evolution model. We found there that doubling κ will not have a significant impact on the maximum magnetic field strength or the dynamo lifetime, at least for planets with a similar composition as the Earth. For more massive planets (and probably for planets having a large water envelop), using a lower value of κ tend to overestimate the dynamo lifetime. We must have this in mind when interpreting the constraints on the magnetic properties of Proxima b analogues. Running the full model grid for larger values of κ is left for a future work.
Thermal evolution simulations end when the total heat flux is equal to the conductive flux (no convection), and the dynamo is shut down. The maximum simulation time is called the dynamo lifetime t dyn .
Surface heat flux is not too different among dry planets (IMF≈ 0) having different masses and compositions (upper row in Figure 3) . However, the presence of a water layer, although not contributing to the energy budget of the planet, have a large impact on the thermal output and core convective power. Water-rich planets produce up to one order of magnitude less energy than dry ones. This is due to their thinner and less massive rocky mantles.
Interestingly, the core convective power is larger for larger IMF (at least until IMF≈ 0.4 in the case of the modeled mass, see bottom row in Figure 3 ). This is due to a thinner and cooler mantle that ensues the removal of heat from the core, boosting convection. However, if the mass of the water layer is too large, the pressure and temperature in the core is low, as well as its size and mass (see bottom row in Figure 3 ) reducing the power of convection.
Water-rich planets also have longer-lived dynamos than drier ones (middle and bottom row in Figure 5 ). This is due to the fact that the cooling rate dT /dt is proportional to the total heat released by the planet (see Eqs. 2 and 3). Since water rich planets cool down slower, their dynamos could also last longer.
Magnetic properties
Energy-based dynamo scaling laws (Christensen, 2010) allows us to estimate from the available convective energy, the volumetric energy density of the magnetic field in the core B 2 rms = (1/V ) B 2 dV :
Hereρ c , D = R ⋆ − R ic and V = 4π(R 3 ⋆ − R 3 ic )/3 are the average density, height and volume of the convective shell.
Magnetic energy could be distributed in many multipolar components (multipolar-dominated field) or concentrated in the dipole component (dipolar-dominated field). The fraction of the power in the dipolar component or the "degree of dipolarity", depends on different factors, including convective power, density and size of the convective layer, but more importantly on planetary rotational period P .
To determine the degree of dipolarity, we need to estimate the so-called Rossby number; this quantity is also scaled from the convective energy using Figure 5 : Surface heat flux qm and total convection energy in the core Qconv for the same planetary models used in Figure 3 . Values for each model are plotted until dynamo is shut down, ie. Qconv < 0; we call this time, the dynamo lifetime t dyn . Of course the mantle still cools down beyond t dyn ; however, since our model is intended to calculate the magnetic properties of the planet, the simulation is stopped at that time.
a power-law (Aubert et al., 2009; Zuluaga et al., 2013) :
In numerical experiments dynamos with Ro * l 0.1 have dipolar dominated magnetic fields. Once the average intensity and the degree of dipolarity of the core magnetic field has been estimated, we calculate an upper bound of the core dipolar field B dip c . We use for that purpose the prescription in Zuluaga and Cuartas (2012) , for which we first calculate the maximum fraction of the magnetic energy 1/b min dip in the dipolar component of the field (see Figure 1 in Zuluaga and Cuartas 2012), and from there to constrain the dipolar component of the core field,
Finally, the maximum attainable dipolar magnetic field strength at the planetary surface is computed from:
The strength of the magnetic field can also be expressed in terms of the dipole moment M dip , which is related to the dipolar component of the magnetic field B dip by:
where µ 0 is the vacuum permeability. For reference, the present value the Earth's surface magnetic field dipole component is B dip ⊕ = 42.48 µT, while its dipole moment is M dip,⊕ = 7.768 × 10 22 A m 2 .
In Figure 6 we show the maximum dipole moments calculated with the formulas described before and in the case of the planetary models of Figures 3 . For comparison purposes, we have calculated the magnetic properties of the planets using two rotational periods: P = 1 day (fast rotators) and P = 11 days (slow rotators; this is also the synchronous rotational period of Proxima b, see subsection 4.1).
The magnetic field strength for dry fast rotating planets evolves in a similar way as the available convective energy Q conv ( Figure 5 ) as expected from the dynamo scaling law (Eq. 14). Water rich planets, however exhibits a curious behavior: in most cases the magnetic field is intensified at around half of their dynamo lifetime. This intensification does not match any similar change in the available convective energy. What we are seeing here is the transition from a multipolar field (low value of the dipolar component) to a dipolar dominated one. This change is caused by the evolution of the Rossby number as the planet cools down. As we explained before the available convective energy of water rich planets is relatively large. As a consequence inertial forces driving convection in the outer core dominates over the coriolis forces for most part of the evolution. In this condition, convection is turbulent and the magnetic field "disorganized". When the planet has cool down enough, coriolis forces start to organize convection and a dipolar dominated magnetic field arises. The same behavior is observed in all the slowly rotating planets. The dipolar dominated field in those cases, however, lasts for a small fraction of the dynamo lifetime.
Having a fully fledged planetary evolution model, we may now attempt to calculate the evolution of planets with properties (mass, composition and rotation) compatible with the observed characteristics of Proxima b (planetary analogues). We will focus here on to predict or constraint four basic properties: (1) planetary radius R p , (2) average surface heat flux q m , (3) dynamo lifetime t dyn and (4) minimum dipole moment, M min dip . We will call these, the "magnetic properties" of the planet.
Proxima b analogues

Statistical strategy
Only two properties of Proxima b are presently known: its minimum mass M min = M p sin i = 1.3M ⊕ and orbital period P orb = 11.3 days . Other key "primary" properties such as its actual mass M p , bulk composition, planetary radius R p , rotational period P rot , orbital inclination i relative to the plane of the sky and eccentricity e are yet unknown.
If we build a large synthetic sample of planetary analogues (a "planetary ensemble"), with each planet having random values of the unknown fundamental properties (which follow certain prior distributions), and we use our model to compute the The spikes observed in the magnetic field intensity for the slowly rotating planets (right column), are a manifestation of the transition from a multipolar (Ro * l > 0.1) to a dipolar dominated magnetic field (Ro * l < 0.1). This transition happens when the inertial convective forces in the iron core, become much lower than coriolis forces at later stages of thermal evolution. Although this transition is more noticeable at low rotational rates, it is also observed in the case of fast rotating planets with a moderate water content (bottom row, left column). magnetic properties of each planet in the sample, we can estimate the posterior probability distribution of the magnetic properties in the ensemble. Using these estimated distributions we can predict or constrain to a certain confidence level the expected magnetic properties of Proxima b and their analogues.
A schematic representation of the statistical strategy devised here is presented in Figure 7 . Each fundamental property (physical or observed) X, has an a prior probability distribution p X . Our purpose here is to estimate the posterior joint probabilities of the mass M p and the corresponding magnetic property Y , namelyP Mp,Y . Confidence level intervals for Y are obtained by marginalizingP Mp,Y with respect to M p . Our strategy resembles the Hierarchical Bayesian Models (HBM) which are becoming very popular in the context of exoplanetary sciences where the lack of information about the studied objects is the rule instead of the exception (see eg. Chen and Kipping 2016 and references there in).
Model grid
For implementing the statistical strategy described in the previous section, we build a grid of planetary models with masses ranging from 1 to 7 M ⊕ (resolution of 0.3-0.5M ⊕ ). This set of masses not only include the minimum mass of Proxima b, but cover all possible orbital inclinations between 10
• − 90
• . Though inclinations i 10 • (M p > 7 M ⊕ ) are in principle possible, planets that massive would produce detectable astrometric signals in Proxima Centauri . Moreover, even accepting very low inclinations, more than 85% of the analogues would have masses below our model maximum of 7 M ⊕ (see below).
For each mass in the grid, our codes are run for different core, ice and mantle mass-fractions (CMF, IMF and MMF respectively). In our model CMF ranges from 0.1 to 0.8 (0.1 steps) and IMF goes from 0.0 to 0.9-CMF. Pure iron, pure rock or pure ice analogues were not considered.
A total of 1,100 different combinations of mass and compositions were simulated. The grid not only encloses the properties of Proxima b, but also the properties of many other discovered and yet to be discovered earth-like exoplanets.
Planetary ensamble
To build our ensemble of Proxima b analogues only three of the fundamental properties, namely, inclination i, rotational period P rot and bulk composition (CMF,IMF) are randomly generated. For simplicity, we have assumed that the observable quantities M min and P orb are precisely known, ie. p Mmin is a discrete probability distribution that is equal to 1 for the observed value M min and 0 otherwise. The same assumption is applied to p P orb . In all cases, eccentricity is assumed close to 0 (see Section 5 for a discussion of this assumption).
Inclinations are generated assuming a flat prior in the interval i ∈ [10
• ). Compositions (CMF,IMF) are generated in such a way that every possible combination in our grid are equally probable (flat composition prior p comp ).
The period of rotation is a key quantity at determining the magnetic properties. Since the planet is close to its hots star (semi-major axis a = 0.05AU ), its period of rotation should be in a resonance with its orbital period (Makarov and Efroimsky, 2013) . The most obvious resonance is the synchronous rotation (1:1). However, even if the orbital eccentricity is small, it could be trapped in a supersynchronous resonance, ie. 3:2 or 2:1 (Makarov, 2013; Makarov and Efroimsky, 2013; Ribas et al., 2016) . The probability of being trapped in those rotational states depends not only on eccentricity, but also on triaxiality , bulk composition (Cuartas-Restrepo et al., 2016) and detailed rheological properties (Makarov, 2013) . In the absence of any prior knowledge about these parameters, we will assume that Proxima b analogues have, with equal probability, one of two rotational periods: 11.3 days (syncrhonous rotation) or 7.5 days (3:2 resonance). Equivalently the posterior distribution functionP P rot will be assumed discrete, such that P P rot (11.3) = 1/2 andP P rot (7.5) = 1/2.
Magnetic properties of Proxima b analogues
Nominal analogues
We call "nominal analogues" those planets having the same observed minimum mass of Proxima b and a rotational period equal to 11.3 days (synchronous rotation). In statistical terms nominal analogues are those obtained with the priorsP Mp (M min ) = 1 andP P rot (11.3) = 1.
In Figure 8 we show contour plots in ternary diagrams of the 4 key magnetic properties of these analogues. Since we are assuming flat priors for compositions, ie. every composition in our grid is equally probably, the posterior probability distribution of each magnetic properties in the case of nominal analogues can be estimated with the frequency of the properties calculated in all grid points. In Figure 9 we plot the resulting estimated posterior distributions.
The nominal Proxima b analogues have radii in the range 0.96−1.53R ⊕ with a median value of 1.24 R ⊕ . More precisely:
Most of the uncertainty in radius comes from the uncertainty in the IMF. If for instance we assume a negligible IMF, the radius of the nominal analogues is better constrained:
This value is in agreement with the estimations by Kipping et al. (2016) using the novel "forecasting" technique recently introduced by Chen and Kipping (2016) .
We identify a "sweet-spot" around CMF≈0.6, MMF≈0.35 and IMF≈0.15 where favorable magnetic conditions could arise. These"iron-rich"ocean analogues, develop long-lived dynamos and intense magnetic fields. Despite having a rotational rate ∼10 times slower than Earth, these nominal analogues are magnetically alike to Earth.
For most compositions, Proxima b nominal analogues have dynamo lifetimes larger than planetary age, τ ⋆ = 4.8 ± 1 Gyr (Bazot et al., 2016; Barnes et al., 2016; Thévenin et al., 2002; Thoul et al., 2003) . Only in 10% of the compositions (eg. IMF≈0, CMF=MMF≈ 0.5), the dynamo has been already shut down or it is disappearing.
According to the posterior distribution of the minimum dipole moment (see Figure 9 ) the magnetic field strength of Proxima b nominal analogues is:
log(M 
Planetary ensemble
In Figure 10 we summarize in a mass-radius diagram the most important features of the planetary ensemble of Proxima b analogues. For illustration purposes, we show in this figure a selected subset of the planets (colored circles). Size and colors of the layers in the circles represent mass fraction of ice, silicates and iron. Contours in the main panel of Figure 10 represent the joint posterior probability distribution functionP RpMp .
In the upper and right panels, the estimated marginal cumulative distribution of M p , namely ∞ MpP Mp dM p , and the marginal posterior distributions of planetary radiusP Rp are also shown.
A uniform prior in the inclination i produce a highly concentrated planetary mass posterior distribution. Accordingly, ∼ 80% of the planetary analogues have masses below 2.6 M ⊕ .
From the estimated marginal posterior distribution of planetary radiusP Rp in the right panel of Figure 10 we conclude that provided uniform priors for composition and orbital inclination, the planetary radius of Proxima b analogues will be:
If on the other hand we only include planets having significant amount of volatiles (hereafter "ocean planets", IMF≥0.2), the resulting marginalized posterior distribution (dashed curve in the right panel of Figure 10 ) gives us a slightly larger radius:
A similar analysis was performed for the case of the dynamo lifetime and minimum dipole moment. Results are shown in Figure 11 .
As in the nominal case, most planetary analogues have long-lived dynamos. For the particular case of Proxima b we notice that most ( 60 − 70%) of the analogues have dynamo lifetimes τ ⋆ (gray shaded area in the inset panel of Figure 11 ). However, If we restrict the ensemble to ocean planets IMF≥0.2, the fraction of analogues having long-lived dynamos increases in almost 10%. This fact is consistent with the results in Figure 6 .
We find that a non-negligible fraction of analogues, mostly iron-rich planets with masses larger than 2M ⊕ , despite of having large rotational periods, have also magnetic fields as intense or even stronger than Earth. Comparing the dynamo lifetime and magnetic dipole moment joint posterior distributions, we realize that usually the same planets having stronger fields are also those with shorter-lived dynamos. This is consistent with the result in the upper row of Figure 6 .
It is interesting to notice that the posterior distribution of minimum dipole moments (right panel of Figure 11) is not significantly modified when we exclude volatile rich planets. This would imply that for the sake of estimating sample average magnetic field strength, bulk composition is not as important as in the case of other magnetic properties.
Using the posterior distribution in Figure 11 we predict that the minimum dipole moment for Proxima b analogues is:
or equivalently:
÷2.9 M dip,⊕ (70% CL) Correspondingly, the surface magnetic field strength will be:
÷3.9 µT (70% CL)
Discussion and conclusions
The results presented in this paper rely on relatively robust models of planetary interior structure, thermal evolution and dynamo scaling laws. The discovery of Proxima b is an unique opportunity to compare the predictions of these models with an exoplanet that could be observed with unprecedented detail in the near future and, hopefully, reached by space probes in the coming centuries.
We have used in our interior structure and thermal evolution models rather standard values of the rheological and thermodynamic properties of the materials inside the planet (thermal conductivities, gruneisen parameter, thermal expansivities, viscosity parameters, etc.). Many of these parameters are still very uncertain, especially in the case of planets more massive than Earth. Some of them depend on composition and even may change as the planet evolve. As a consequence the value that we obtained here for the magnetic properties would be different if better information about these properties is obtained from laboratory experiments or constraint from future observations.
In our models we have assumed the same composition for all the planetary cores despite the differences in mantle and water envelope composition. It should be stressed that assuming different iron alloys or the presence of other elements such as sulfur, could significantly modify the results as it has turned to be the case of Mercury in the Solar System (see eg. Harder and Schubert 2001) .
Other models of planetary thermal and magnetic evolution have appeared in literature since Zuluaga et al. (2013) . Of particular relevance is the recent model by Driscoll and Barnes (2015) that includes the effects of tidal heating. If tidal heating is negligible (which is the case for a close-in low eccentric planet trapped in synchronous rotation), both models should have similar predictions (under the same assumptions); their results will not differ more than the discrepancies arising from the very uncertain physical parameters on which these models depends on.
If future observations confirm the existence of another planet in the system, as it was suggested by Anglada-Escudé et al. (2016) , or are able to measure a non negligible orbital eccentricity (e > 0.06) we will need to update these results by including the effects of tidal heating. Meanwhile, however, including these effects (that require at least another 2 or 3 unknown input free parameters) would just reduce the robustness of our predictions.
Papers published so far about Proxima b Barnes et al., 2016; Coleman et al., 2016; Turbet et al., 2016) have focus on modeling a lot of detailed properties of a planet with 1.3 M ⊕ and compositions similar to that of Earth. While this paper has not been as ambitious and exhaustive as those other works, we have approached to the problem in a fundamentally different way. We built a grid of planetary models, having a large range of masses and compositions, and calculated posterior probability distributions of a few key properties.
Although the statistical significance of Proxima b discovery is impressive (FAP∼ 10 −7 , B 1 /B 0 ∼ 10 7 , Anglada-Escudé et al. 2016) we should still seek for an independent confirmation. Even in the very unlikely case that the signal of Proxima b have another origin (see a recent example in Anglada-Escudé and Tuomi 2015; Hatzes 2016), our results are still valid for confirmed planets having similar basic properties (minimum mass, orbital period and stellar mass).
Our models have several important caveats that could make their numerical predictions biased or simply wrong.
We have completely neglected orbital eccentricity. Although Anglada-Escudé et al. (2016) observations are compatible with eccentricities as large as 0.35, it does not directly suggest that the planet has an eccentric orbit. Still, the dynamics of the triple system or the stellar stream to which the host star belongs, suggest that past perturbations could have excited a non-zero eccentricity .
The presence of another super-Earth in the system is neither confirmed nor discarded by observations. If a second planet exist, the orbit of Proxima b could be perturbed and have an oscillating nonnegligible eccentricity.
We assumed that the abundance of key radionuclides, such Th-232, U-238 and K-40, in the mantle of all our planetary analogues is identical to that of Earth. However, it has been shown the abundance of Eu (a proxy for r-process elements such as Th and U) in the atmosphere of α Cen A is lower than that of the Sun (Hinkel and Kane, 2013) , suggesting that Proxima b could have also a lower content of heavy radionuclides. On the other hand, volatile-rich analogues of Proxima b could also have larger contents of K-40 (a volatile element), provided they form beyond the snow-line. The effect of a larger radiogenic inventory has been studied by Barnes et al. (2016) (only in the case of planets having the minimum mass). Larger radionuclides abundances delay the solidification of an inner-core but increase the core convective power. In our case if the abundance of Th and U is relatively low, the predicted magnetic field strength will be slightly lower. However, if our ocean planets have a significant abundance of K-40, they could lack entirely of a dynamo.
The small distance of Proxima Cen b opens a new realm of possibilities for the observation of the effects that a planetary magnetic field has around the planet. Synchrotron emission and auroral ultraviolet radiation could be detected if we can resolve the planet with future telescopes and radio telescopes. Moreover, if a space probe is designed and launched in the next decades we can measure in situ the magnetic properties of the planet in a similar fashion as modern Solar System probes do with planets and satellites.
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